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PREPARATION  AND  CHARACTERIZATION 
OF  SEVERAL  CONDUCTING  TRANSITION  METAL  OXIDES 

AARON  WOLD  AND  KIRBY  DWIGHT 
Department  of  Chemistry,  Brown  University 
Providence,  Rhode  Island  02912 

ABSTRACT 

The  structure-property  relationships  of  several  conducting  transition 
metal  oxides,  as  well  as  their  preparative  methods,  are  presented  in  this  paper. 
The  importance  of  preparing  homogeneous  phases  with  precisely  known 
stoichiometry  is  emphasized.  A  comparison  is  also  made  of  the  various 
techniques  used  to  prepare  both  polycrystalline  and  single  crystal  samples.  For 
transition  metal  oxides,  the  metallic  properties  are  discussed  either  in  terms  of 
metal-metal  distances  which  are  short  enough  to  result  in  metallic  behavior,  or 
in  terms  of  the  loriiiation  of  a  n‘  conduction  band  resulting  from  covalent 
metal-oxygen  interactions.  Metallic  behavior  is  observed  when  the  conduction 
bands  are  populated  with  either  electrons  or  holes.  The  concentration  of  these 
carriers  can  be  affected  by  either  cation  or  anion  substitutions.  The  discussion 
in  this  presentation  will  be  limited  to  the  elements  Re,  Ti,  V,  Cr,  Mo,  and  Cu. 


INTRODUCTION 

It  is  not  possible  in  this  paper  to  discuss  all  of  the  known  conducting 
oxides.  This  treatment  will  be  limited  to  a  number  of  binary  and  complex 
oxides  which  have  been  carefully  prepared  and  characterized.  It  is  hoped  that 
the  review  of  those  representative  conducting  transition  metal  oxides  will  enable 
the  reader  to  appreciate  the  Importance  of  careful  chemistry  in  the 
understanding  of  their  properties.  The  structure  and  electronic  properties  of 
transition  metal  oxides  depend  on  the  stoichiometry  and  homogeneity  of  the 
prepared  phases.  Poorly  prepared  compounds  cannot  bo  effectively  characterized. 
Consequently,  an  understanding  of  the  variables  which  influence  homogeneity 
and  stoichiometry  is  important  if  progress  is  to  be  made  in  developing  new 
oxides  which  are  both  of  fundamental  interest  and  useful  for  practical 
applications.  In  this  paper  the  discussion  will  be  limited  to  three  structure 
types,  namely  Re03,  rutile  and  CuO.  The  discussion  of  eacn  structure  type  will 
be  illustrated  with  specific  compounds  and  will  encompass  problems  encountered 
in  their  preparation  and  characterization.  The  relationship  between  structure, 
stoichiometry  and  conductivity  will  be  emphasized,  and  correlations  will  he  made 
in  terms  of  the  one-electron  energy  diagrams  proi)Osed  and  used  so  successfully 
by  J.  B.  Goodenough. 


iillPTl itimC VD  O xid q 

Blitz  and  his  co-workers  first  reported  the  prep.ir.at ion  of  ReO-^  1 1,21. 

Improved  methods  for  its  iiroparation  v\,oro  described  by  Nechaiikiii  et  al.  [;t|. 
The  oxide  is  red  and  reported  to  b(?  diam.agnotic  14|.  Ferrotti,  Kog.ers  and 

Goodonougli  15)  indicated  that  ReO.^  exists  witli  '.  considerable  range  of 
composition.  Since  the  electrical  p'-operties  are  dependent  on  the  sample 

stoiv-Lloiiict ry,  jiurc  stoichiometric  single  crystals  were  grown  by  chemical  vapior 

transport  of  RcO.j  obtained  by  the  reduction  of  Rf'gGy  with  CO.  Non- 

stoichiometric  ReO.j  w'as  produced  by  the  roilnclion  process,  but  purified  wliciv 

transported  in  a  two-zone  furn.ico  with  iodine  as  tlie  transport  agoni.  'I'lie 

transported,  purified  crystals  were  found  to  be  sfoichiomel tic  within  the  limits 
of  the  an.'ilylical  procedure  used  (i:0.2''o)  (C|.  Rc'sistivity  measuri'meni s  imule  on 
sing.le  crystals  of  sl.oichiometric  RcO.j  loi  indicated  tliat  tlic;,'  e.xliil'iled  mc'iallic 
beha\ior. 
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In  the  ReOg  structure  (Fig.  1),  the  oxygen  atoms  occupy  three-quarters  of 
the  positions  in  a  cubic  close-packed  type  lattice.  The  rhenium  atoms  occupy 
one-quarter  of  the  available  octahedral  sites.  The  unit  of  structure,  as 
represented  in  Fig.  1,  is  a  simple  cube  of  rhenium  atoms  with  oxygen  atoms  on 
all  of  the  twelve  edge  centers.  The  cubic  ReO^  structure  is  the  simplest  three- 
dimensional  structure  formed  from  vertex  sharing  of  octahedral  (ReOg)  groups. 
Each  rhenium,  therefore,  has  six  oxygen  nearest  neighbors  and  each  oxygen  atom 
has  two  rhenium  neighbors  arranged  linearly. 

.According  to  Morin  (7]  and  Goodenough  (81,  for  ReOg  where  rhenium  is  in 
the  +6  oxidation  state,  the  crystal  environment  permits  the  formation  of  a 
conduction  band  by  n  overlapping  of  the  metal  "d"  orbitals  with  the  orbital 
of  the  oxygen.  For  the  RcOq  structure  (Fig.  2),  each  anion  contributes  two  o 
orbitais  (sp)  and  two  n  orbitals  Pj^^.  Each  octahedrally  coordinated  cation 
contributes  six  o  orbitals  (Og^sp^)  and  three  n  orbitals  (t^  large  overlap 

of  the  metal  t^og  and  anion  p  ^  orbitals  can  result  in  the^^Tormation  of  bonding 
and  antibonding  n  bands  (Fig.  2)  18).  In  Fig.  2,  liie  o  and  n  bands  are 
composed  of  bonding  orbitals  and  the  o'  and  n’  bands  of  antibonding  orbitals. 
The  Pj^*  energy  level  is  a  non-bonding  state  and  is  composed  of  anion  p^j 
orbitals.  The  number  of  states  is  designated  by  (n)  and  refers  to  the  spin  and 
orbital  degeneracies  per  molecule.  ReOg  has  25  outer  electrons  per  molecule  and 
hence  can  fill  up  to  one-sixth  of  the  total  number  of  n”  states.  Hence,  this 
model  is  consistent  with  the  observed  metallic  behavior  of  Re03. 

This  model  was  confirmed  by  Perretti,  Rogers  and  Goodenough  (51  who 
compared  the  electrical  conductivity  of  single  crystals  of  Re03  with  that  of 
sintered  bars  of  polycrystalline  Sr2MgReO0.  The  latter  compound  is  an  ordered 
perovskite  and  was  first  prepared  by  Longo  and  Ward  (91.  In  this  compound,  the 
rhenium  and  magnesium  atoms  are  at  the  centers  of  oxygen  octahedra  which  are 
linked  by  vertex  sharing.  Sr2MgReO0  differs  from  ReOQ  in  that  Mg^*  and  Re®* 
are  in  a  nearly  perfect  ordered  arrangement;  the  rhenium  atoms  cannot  approach 
each  other  through  oxygen  more  closely  than  about  7.6A.  However,  in  ReOg,  the 
Re  atoms  are  about  3.8A  apart. 

Ferretti  ct  al.  (51  carried  out  an  investigation  to  distinguish  between 
models  for  the  conduction  band  involving  either  direct  overlap  of  orbitals 
across  the  face  diagonal  of  the  unit  cell  or  indirect  overlap  (n  bonding)  of  the 
top  metal  orbitals  and  the  oxygen  Pfj  orbital.  The  former  model  would  allow 
both  compounds  to  be  metallic,  but  the  latter  predicts  metallic  behavior 
(delocalized  d-electrons)  for  RcOq  and  semiconducting  behavior,  at  most,  for 
Sro-MgReOg.  Sr-^MgReOg  was  found  to  be  a  semiconductor  w'hich  is  consistent 
with  metal-oxy^Ten-metal  overlap.  Rhenium  Irioxide  single  crystals  were  found 
to  be  metallic  conductors  with  conductivities  approaching  that  of  metallic  silver. 
The  compound  was  found  to  be  diamagnetic,  indicating  that  the  weak  Pauli 
paramagnetic  moment  expected  from  the  conduction  electrons  is  insufficient  io 
overcome  the  diamagnetism  of  the  electrons  in  closed  shells. 


riOo  and  Transition  Metal  Dioxides  with  the  Rutile  Structure 

One  of  the  polymorphs  of  TiO.-,,  rutile,  crystallizes  with  the  structure 
shown  in  Fig.  3  (space  gro>ip  P4.>/mnmy  The  metal  coordinates  are:  'l'i:(O,0,O), 
(1/2, 1/2, 1/2)  and  0;±(x,x,0).  +( 1 /2  +  x,  1 /2-x.  1 /2) .  As  can  bo  scon  from  Fig.  3,  the 
structure  consi.sts  of  chains  of  TiO^  octahedra  and  each  pair  share  opposite 
edg.os.  Each  titatiiuiri  atom  is  surrounded  octahedrally  by  six  oxygen  atoms, 
whereas  each  o.xygen  is  surrounde<l  by  three  titanium  atoms  arr.anged  as  (uuncis 
of  an  cqnil.at oral  triangle.  Tlu-  structure,  thereDuiu  has  a  6:3  coordination. 
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A  number  of  transition  tneial  dioxides  crystalli/.e  with  rutile-rolated 
structures.  Magneli  et  al.  Il0-!3i.  as  well  as  Goodenough  18,141,  have  related 
certain  properties  of  various  transition  metal  dioxides  to  the  number  of 
transition  metal  d~electrons.  Goodenough  [8]  has  proposed,  and  Rogers  Il5|  has 
applied,  a  one-electron  energy  diagram  for  TiOo  (rutile)  and  related  compounds 
(Fig.  4).  In  this  diagram  the  metal  e^'^sp^  wave  functions  of  a  doubled  formula 
unit  TioO^  are  mixed  with  hybridize'ii  sp^  wave  functions  of  oxygen  to  form 
bonding  and  antibonding  o  states.  .\s  a  result  of  the  long  range  ordering  of  the 
structure,  the  states  are  broadened  to  form  bands  with  finite  widths. 

Interaction  between  two  tog  cation  orbitals  (t-^gj^^,)  with  the  remaining  oxygon 

Pj^  gives  rise  to  bonding  and  antibonding  n  bands.  Tne  toaiic  orbitals  of  the 
cations  are  directed  along  the  c  axis  and  may  form  a  a  band'^/f  the  inetal-metal 
separation  is  small  enough  for  significant  overlap  to  occur.  The  allowable 

number  of  electrons  that  can  be  accommodated  b.v  any  band  is  given  in  brackets, 
and  this  number  is  equal  to  the  product  of  the  number  of  atoms  per  formula 
unit,  the  orbital  degeneracy  per  atom  and  the  spin  degeneracy  per  atom.  The 
rutile  TiO.-i  has  an  electronic  configuration  of  3d°  for  Ti(lV).  The  Ti-0  o  and  n 
bands  are" completely  filled  so  that  the  Fermi  level  is  located  at  the  middle  of 
the  energy  gap  between  these  bands  and  the  antibonding  tr  and  i-aiion-cation 
d-bands.  Hence.  TiO.,  (rutile)  should  be  a  scmicoriuuctor  and  become  metallic 

when  the  Fermi  level  is  raised  as  the  TiOo  is  reduced  to  form  some  Ti(lII)  3d^ 
states. 


Vanadium  (IV)  Oxides 

The  vanadium  oxides  with  compositions  between  V0O.3  and  VO.,  are  formed 
from  slabs  of  a  rutile-like  structure  sharing  faces.  Fach  of  these  phases  shows 
transitions  from  the  semiconducting  to  metallic  state.  Many  of  their  properties 
can  also  be  explained  by  considering  structural  changes  which  occur  at  the 
transition  and  utilizing  the  concepts  of  Goodenough  !8|  in  which  strong  covalent 
mixing  with  oxygen  p^,  orbitals  to  form  a  n'  band  plays  a  central  role  (Fig.  5a). 
For  VO,,,  above  the  transition  temperature  of  r>7°C,  these  bands  overlap  and  are 
partially  filled,  giving  rise  to  tnotallic  conductivity.  The  compound  is  tetragonal 
(P4o/rnnm)  and  all  the  V-V  distances  are  equal  (3.87A).  Below  the  transition 
tem'porature,  the  formatiori  of  V-V  pairs  .along  the  tetragonal  c-a\is  causes  a 
doubling  of  the  crystallographic  unit  cell  ll6j,  and  a  splitting  of  the  tii^,  orbital 
in  two  (Fig.  5b).  The  resulting  lower  o  level  lies  below  the  bottom  ftf  tin,’  n' 

band,  becomes  filled  and  lowers  the  Fermi  energy  below  the  bottom  of  the  ri" 

band.  The  ii‘  band,  arising  fiom  covalent  mixing,  is  now  empty  (81.  Hxcilaiion 

of  electrons  from  the  filled  o  level  to  the  bottom  of  the  11  ’  band  gives  rise  to 

the  semiconducting  behavior. 

Other  Transition  Metal  nioxides  Crystallizing  with  l  liiy.Rutilc  SiiaicLl.HT- 

The  simple  model  jjroposed  by  Goodenough  18,141  has  been  applh'd  b\' 
Rogers  1151  to  account  for  the  electronic  behavior  of  tlu'  transition  metal 
dioxides  with  rutilc-liko  structures.  Moiybdenum(lV)  oxide  has  2  unpaiiani 
electrons  for  each  niolybdenum  atoiri.  Therefore,  one  electron  is  available  for 

Mo-Mo  0  bonding  and  the  second  electron  can  p;u'tial!>’  fill  the  Mo-t)  n'  band 
(Fig. 6).  Howev(;r,  the  short  Mo-Mo  separation  i.s  not,  fully  coiisisteiil  with  a 
single  0  bond.  Ilenc(!,  souk;  of  the  electrons  frotn  the  metal  ox^■g(Ml  n  b.uid  .'ire 
promoted  to  a  m(!t;il~inetal  11  band  which  is  located  at  the  s.uno  oncrj’,.N'  le\el  as 
the  metal -niet.al  0  stale  11.5), 

For  CiO,,,  Roj’ers  |l.bl  tuts  iiidic.aiod  th.al  thert!  i.s  a  sharp  ilecrease  in 
direct  cation-eal  i<jn  hondin;',.  Hence,  the  f  ''"I*-'!'  iiHo  melal-motal  0 

bonds,  hut  remain  .it  dimrete  cation  sit(;s’  in  this  compound  (Fig,.  V),  The 
existence  i,f  thi.se  non  -  lioiid  i  u!’.  siti;;,  .lithin  the  11'  t'and  is  consistent  ,'.ith  the 
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observed  ferromagnetic  metallic  properties  of  CrO.>.  A  number  of  the  platinum 
metal  dioxides,  e.g.  Uu,  Ir,  Os  and  possibly  Rh,  show  metallic  behavior  which  is 
consistent  with  the  partial  filling  of  the  metal-oxygen  ii"  band.  For  PtOo  vvhore 
the  n*  band  is  filled,  the  Fermi  level  is  raised  to  lie  between  the  n*“and  o' 
bands  and  the  compound  should  behave  as  a  semiconductor.  Rogers  1151  has 
reported  pow'der  samples  of  PtO,-,  to  be  semiconducting. 


Copper  Oxides 

Copper(Il)  oxide  occurs  in  nature  as  the  mineral  tenorite.  The  structure 
1 17]  shows  Cu(ll)  with  square  planar  coordination  of  oxygen  around  the  copper. 
The  space  group  is  C2/c  with  unit  cell  dimensions  a  =  4. 6837(5)  A,  b  = 

3.4226(5).A,  c  =  5.1288(6).A  and  ^  =  99.54(1)'.  Fig.  8  shows  the  chains  of 
oxygen  coordination  parallelograms  formed  by  sharing  edges.  The  structure  is  a 
distorted  FdO  type  with  two  O-Cu-O  angles  of  84.5'  and  two  of  95.5°.  Fach 
copper  has  4  O'  neighbors  at  1.96.A  and  two  next  nearest  0"  neighbors  at  2.78A. 
The  line  0"-Cu-0"  is  inclined  at  17*  to  the  normal  to  the  Cu(0')_^  plane  and  the 
shortest  Cu-Cu  distance  is  2.90A. 

.another  oxide  of  copper,  Cu^gOj^  has  been  reported  ll8j.  It  is  the  rare 
mineral  paramelaconite  and  crystallizes  with  the  space  group  Uj/amd,  vith  unit 
cell  dimensions  a  =  5.817.\,  c  =  9.803A.  The  structure  is  related  to  tenorite 
but  the  oxygen  vacancies  result  in  a  rearrangement  of  the  monoclittic  tenorite 
structure  to  a  tetragonal  one. 

In  Cu(II)  oxide,  the  Jahn-Teller  distortion  due  to  the  stabilization  of  a 
single  d-hole  per  atom,  Cu(II)3d’,  results  in  the  observed  difference  of  its 

structure  with  the  monoxides  of  the  other  first  row  transition  metals.  For  CuO, 

the  equitorial  oxygen  Pg  overlaps  strongly  with  the  d(^2-,^.2)  orbital  to  f.irm  o 
bands,  but  little,  if  any,  with  the  d/22).  The  copper  a,^.^,  d,^.^  orbitals 

contribute  to  the  formation  of  n  banas.  O'Keefe  and  Stone  Il'Of,  Roden  et  al, 
(20|,  as  well  as  Yang  et  al.  1211,  have  indicated  that  CuO  is  antiferromagnet  ic 
with  an  observed  anomaly  in  the  magnetic  susceptibility  at  230  K.  The 

Goodenough  band  model  122,231  indicates  that  when  antiferromagnetic  behavior  is 
observed  in  the  copper  oxides,  a  separation  may  occur  between  the  empty  o' 
band  states  of  the  Cu(II  I)  couple  and  the  occupied  o'  band  states  of  Iho 
Cudll/II)  couple.  This  is  shown  in  Fig.  9  where  the  Fermi  ertorgj-  is  placed  near 
the  top  of  the  filled  n*  band.  The  antiferromagnetic  behavior  of  CuO  is  not 
typical,  since  the  data  reported  by  Roden  120|  do  not  show  a  maximum  of  \  at 
the  antiferromagnetic  ordering  temperature.  The  unusual  ordering  can  be  related 
to  the  magnitude,  or  even  existence,  of  the  o'  btindsplitting.  In  the  case  where 
Cu(IIl)  is  formed,  the  sign  of  the  carrier  results  unambiguously  from  the 

formation  of  holes  in  the  lop  of  the  n*  band.  Where  Cu(l)  is  formed,  in  addition 
to  any  electrons  entering  the  o'  (Ciill/I)  band,  lioles  in  the  ii'  band  are  also 
created  by  thermal  excitation.  Since  the  o'  bands  are  n.arrnw,  the  greater 
mobility  of  the  holes  in  the  n'  band  will  determine  the  sign  of  the  dnmin.ant 
carrier.  Koffeyberg  l24|  luis  indicated  that  CuO  c;in  only  be  prepared  as  p- 
type. 
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lVold/8  of  11 


a 


Schematic  Band  Structure 
for  CiiO 


REFERENCES 


1.  \V.  biltz,  A.  A.  Lehror  and  K.  Meisel,  Nachr.  Ges,  Wiss.  GotUnp,en, 
Math.  I’hysik  Klasse,  191  (1931). 

2.  W.  Biltz,  .A..  .-\.  Lohror  and  K.  Meisol,  Z.  Anorg.  .Allgem.  Chem.  207. 

1  13  (1932);  214,  775  (1933). 

3.  N.  .Vechankin,  .A.  D.  Kurtz.  C.  F.  Hiskey,  J.  Am.  Chem.  Soc.,  73, 

2828  (1951), 

4.  J.  H.  E.  Griffiths,  J.  Owen  and  I.  M.  Ward.  Proc.  Roy.  Soc.,  .\2 19, 

526  (1953). 

5.  .A.  Ferrotti,  D.  B.  Rogers  and  J.  B.  Goodenough,  .1.  Plus.  Chem. 
Solids.  26,  2007  (1965). 

6.  D.  G.  Wickham  and  E.  R.  Whipple,  Talanta  10,  314  (1963). 

7.  F.  J.  .Morin,  J.  Appl.  Phys.  (suppl)  32,  2195  (1961). 

8.  J.  B.  Goodenough,  Bull.  Soc.  Chim.  Franco,  4,  1200  (19G5). 

9.  J.  Longo  and  R.  W'ard,  J.  .Am.  Chem.  Soc.,  83,  2816  (1961). 

10.  .A.  Magneli  and  G.  .Anderson,  Acta  Chem.  Scand.,  9,  1378  (1956). 

11.  B.  0.  Marinder  and  A.  .Magneli,  ibid..  12.  1345  (1958). 

12.  B.  o.  .Marinder  and  .A.  .Magneli,  ibid.,  U,  1635  (1957). 

13.  B.  O.  .Marinder,  F.  Dorm  ajid  .M  SeJoborg,  ibid.,  16,  293  (1962). 

14.  J.  B.  Goodenough,  "Magnetism  and  the  Chemical  Bond," 

Interscience  Monographs  on  Chemistry,  Inorganic  ChGmistr\‘ 

Section,  Vol.  1,  F.  A.  Cotton,  Ed.,  Into  scieuco  Oix'ision,  John 
Wiley  &  Sons,  Inc.,  .New  York,  NY  and  London  1963. 

15.  D.  B.  Rogers,  R.  D.  Shannon,  .A.  W.  Sleight  and  J.  1..  Gillson, 

J.  Inorg.  Chern.,  8(4),  841  (1969). 

Id.  C.  llagg,  Z.  Phy.s.  Chem.,  B19,  192  (1935). 

17.  S.  Asbrink  and  1>.  J.  KoiTb\ .  Ada  Cryst.,  B2G,  8  (1970). 

18.  N.  Datta  and  J.  W,  .loffory,  .Aci.a  Cryst,,  334,  22  (1978). 

19  M.  O'Keefe  and  F.  S,  Slone,  J.  Pliys.  Chem.  Sol.,  23,  261  (1902). 

20.  B.  Roden,  E.  lir.'iuii  and  A.  l-’roimuih.  Solid  Slalo  Commnn.,  64,  No. 

7,  1051  (19K7). 

21.  B.  ''1.  \';in)’,,  J.  M.  'l'r.'nn|U.'id.a  and  G.  Siiirane,  Ph\ s.  IGu'.  B,  38,  \o,  1 
17  !  (19HH>, 

22.  J.  B.  Good<'tion;’.l!.  J.  Mai.  Edncal  ion,  9(r.).  6  19  (1987). 


EoM/lO  of  I  1 


3.  J.  B.  Goodenough,  A.  Manthiram,  Y,  Dai  and  A.  Campion, 
Superconductor  Sci.  and  Technology  (in  press). 

4.  F.  P.  Koffeyberg  and  F.  A.  Benko,  J.  Appl.  Phys,  Sj3(2),  1173 
(1982). 


o 

•■s 


r.'oid/i  I 


